. The purpose of this program was to examine methods of increasing the efficiency of producing pulses to drive Klystrons in the 150 MW range. This may include 2 Klystrons in the 75 MW range. Specific methods of interest to improve the pulse efficiency were the use of a circuit to add energy to the tail of the pulse, the use of a bipyrimidal transformer, and the use of gas insulation as a means of improving the pulse shape. These methods were investigated using both thyratron and IGBT switching.
The low cost designs developed in this work consisted of low voltage designs which don't require the oil immersion. of simple, tunable inductors.
These designs can be "hot tuned" based on the use
Transformer Designs
We have investigated numerous transformer designs in an effort to develop a transformer design which is in some sense optimal. The optimal transformer was first analyzed. This analysis is based on the fundamental physics of transformer design. The series inductance of a transformer is accurately described by computing the inductance of an equivalent solenoid with the dimensions of the distance between the primary and secondary. The parallel load is the capacitance and resistance. The capacitance is accurately computed by assuming an optimal electric field, then solving for the optimum.
The transformer height is h, the spacing from primary to secondary is d, and the transformer core dimension (square) has a width w. The volume between the primary and secondary is approximately:
Since the magnetic field is:
the inductance of each of the two windings is:
The two series inductances are in parallel, so the total inductance is L = 2 pON~/h2
.,
The capacitance 'is computed in the bipyramidal case by simply taking the fieldẽ nergy and dividing by the square "of the voltage over 2. This is, for'each half of the core:
,.
Interesting result is that if we ignore the resistance, the risetime of the transformer is Tr/2times the square root of the inductance -capacitance product, or
Noting that w d/2, we approximate w + d/2 as w and find that:
here v is the velocity of light in the medium (usually oil).
I
The length of the wire on the transformer secondary is 4Nw, and the time it takes for the information to go around the wire is 4Nw/v, so the simple result is that the unloaded risetime Tr is I T,= (rr/2)*transit time around secondary wire.
The risetime is then minimized by minimizing the product wN. The value of N is determined by the flux requirement NBA = VT where B is the flux swing, and A = @ is the cross-sectional area of the transformer minor cross-section.
The risetime is therefore given by
or T, is decreased as the minor width is decreased. The limiting factor in this trade results from the fact that the total inductance of the transformer decreases and shunt current losses increase as the transformer width increases. Similarly the amount of material increases with w, and the losses increase with w. Therefore a tall, thin transformer should improve ellficiency by decreasing losses. On the other hand, it is easier to reduce the risetime with a shorter transformer.

Physical Designs
Various transformers construction techniques were tested in order to simplify the ultimate NLC construction. Materials which are particularly useful in high voltage construction in oil are polyethylene and polypropylene. Plastic "welding" is a particularly inexpensive and quick technique to create a "frame" structure on which the windings can readily be placed.
The first set of fabricated polypropylene structures used welds in the 4 corners of a pyramid. Although this worked well initially, partial discharge developed in the weld seams in the corners. This eventually evolved into a design which had 4 struts on each side as shown in Figure 1 .
I
One of the critical issues in transformer design when attempting to reduce capacitance and inductance (and therefore size) is the insulation between turns.
The voltage between turns for a typical transformer with 500 kV output and 50 to 100 turns is 5-10 kV. The turn to turn distance is as little as 1.25 mm. With these spacings it is necessary to use insulated wire. In our testing, we verified that wire such as that from Rowe Industries (5 kV wire) can be used in transformer applications. Both in testing and in operation, this wire will easily hold voltages of
Figure 1
Strut structure for wrapping the transformers developed in this project. The core fits through the center of the structure.
15 Id/turn to turn in oil.
This work lead to the development of a transformer of a style which we successfully used in developing a low cost pulse modulator.
3.0
Energy Saving of Pulsed Reset
We demonstrated, in our work that pulsed reset can produce an improvement of approximately 5 ?40 net in the operation of a pulse modulator. Atypical transformer for this application has a leakage inductance of 25-35 UH (assume that it has an inductance of 30 d-l) if a primary voltage of 15 kV is used. The primary leakage current with pulsed reset will be 15 kV X 1.5 usec/30 UH = 750A. The primary leakage current for DC reset, based on our analysis will be 1500A. The energy difference is 750 A X 15 kV X 1.5 usec X 1%= 17 J/pulse out of a total energy of approximately 400 J. This is a 4 '?40 power saving. The hardware required to produce this pulsed reset current is fundamentally no more expensive than existing DC reset supplies.
Our understanding of the reset problem follows from the analysis of the circuit of Figure 2 and the hysteresis loop of Figure 3 . In order to reset the core, some current is applied to the reset input. This creates a value of current I which flows through the transformer (usually the primary, but it is possible to use an auxiliary winding or the secondary) and thence to the primary. This winding is reset either by a DC excitation (the usual case), a pulsed excitation, or by the method of using the recharge of the transformer PFN. Atypical hysteresis loop is shown in Figure 2 for 4 mil silicon iron extrapolated to typical values for 10 usec excitation.
The current required to reset the core is determined by the hysteresis of the core as shown in Figure 3 . If there is no reset during the pulse, then H starts at zero (point "B" where the magnetic field is -13 kG) and progresses to point "C"(15 i kG) at the end of the pulse. DCor Puls~Pulse Reset Input Input A After the pulse is completed, n T1 S1 the core's properties relax to 5 3 E Pulse point "D". A pulsed reset can output F?? S2 then demagnetize the core to point A again between Hysteresis loop used in this analysis.
the pulsed reset which provides the means of getting back to point "A" is that the volt-second product of the pulse is equal to the field change -area -turns product of the winding, VT=N?5BA.
The second requirement for the pulsed reset is that the current generated is at least 1,= HUN where the total length of the core is L, and the number of turns"is N. Note that the current can actually be lower than this value because pulsed reset usually occurs over a time 2 orders of magnitude longer than the main pulse. For these longer times, the losses due to eddy currents in the core are reduced, and the value of I may be smaller (usually 3 times smaller). Similarly, DC reset currents may be smaller than the pulsed magnetization current.
By contrast, when DC.reset is used, the total current flowing through the core is the sum of the DC reset current and the pulsed current when both are appropriately corrected for eddy current effects. The current supplied by the pulse must move along the loop from point "A" to point "C". In order to do this the change in H is supplied by the pulse transformer. The currents derived from the hysteresis loop for a core of circumferential length A = 1.5 m and area A = 0.01 m2with a 10 microsecond pulse and N = 10 are shown in Figure 3 . In the figure, the magnetization current (current required in order to maintain voltage) is seen to be much higher for the DC reset case than the pulsed reset case. This observation can be easily confirmed with any pulse transformer with DC reset by operating at low repetition rate (say 1 Hz), turning the reset off, and comparing the lwsedaldlxR?setck8rems 0 2 4 6 8 10 12
T-(m)
Figure 4 Measured pulsed and DC reset currents.
magnetization current of the a typical pulse with reset.
first pulse without reset to the magnetization current of .$
. .
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Energetic of DC and Pulsed Reset
If we assume that the same inductor is used for both DC and pulsed reset with inductance Lr, the energy imparted by the main pulse to the inductances is vTkgnetization in the case of DC reset>and (VT)2/2LPin the case of Pulsed reset-[n the case of DC reset, the main pulse increases the reset current, and it does more work because current is already flowing. The total hysteresis energy in the two cases is the same, but in the case of DC reset, most of the hysteresis energy is applied by the main pulse, while in the case of pulsed reset, the pulsed and DC resets each apply about half of the hysteresis energy.
Example of Pulsed vs. DC Reset
We used a Mangnese-Zinc Ferrite core in order to demonstrate the effect of DC vs. pulsed reset as shown in Figure 5 . The toroidal core was 1.25" thick with a 1.5" ID and a 3.0" OD, and it was wound with 6 turns. A silicon iron reset choke was used. The upper trace is the voltage, while the lower traces are the magnetization currents with DC reset (about 6 A) and pulsed reset (about 2.5 A). The lower current is the pulsed reset, while the higher current is the DC reset case. The pulsed reset case saturates somewhat sooner, as expected.
Pulsed Reset Circuits
We have built several pulsed reset circuits with good success using the circuit of Figure 6 . A simple IGBT based pulse generator operating at 100 V or less can provide the requisite current. The requirements for pulse duration and voltage are determined by the repetition rate f, and the reset choke. The requirements for the reset choke are that it should not load the circuit which is equivalent to saying that the reset inductance L,>> LPwhere Lp is the primary inductance. The flux of the two cores NBA maybe comparable since they are both exposed to the same voltage time product VT. For a C core the inductance is L =pN2A/A. If we assume that the reset inductance is equal 10 times the primary inductance, that both undergo the same flux swing, and that both are made from the same material, we find that the criterion core is 1/4 of the current required to saturate the main transformer. As a result, for this example we find that the energy required to reset the reset core is 1/16th of the energy required to reset the main transformer since the energy required is proportional to the volume to zero order.
A typical reset current waveform has two phases -the first phase when the reset core is being reset, and the second phase when the main core is being reset. For equal voltage the two phases are about equal in duration, but the current is 4 times higher during the main reset phase.
Typical pulsed reset waveforms are shown in Figure 5 for an IGBT based reset system and a small core.
3.4
Reset by Charging
We note that pulsed reset can be provided without added equipment if the recharging voltage is supplied in a short period of time. For example, if we have a 500 J/pulse PFN at a charge voltage of 40 kV, the capacitor charge is 2500 uC. If the recharge time is 500 usec, the peak current during recharge is 80 A which can reset a core for a PFN of this size. We have operated a plasma processing PFN in this mode for more than a year without requiring any other form of reset.
Application
This observation -that pulsed reset can significantly reduce the limitations of pulse transformers -may be used to good effect in reducing the cost of various systems. For example, if we examine a project such as the NLC (Next Linear Collider) the modulators will most probably use 1 mil silicon iron in order to reduce losses. The ,,
.4
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use of pulsed reset will allow the use of 2 or even 4 mil material in the same transformer. As long as the actual core heating is not the problem, the 2 or 3 X reduction in pulsed reset current will allow the cost of each modulator to be reduced by as much as $3,500. Assuming that pulsed reset circuitry of cost $1,000 (difference between DC and pulsed reset cost) is used, we find a cost saving of $12.5 Million for 5,000 modulators.
Mica Capacitors Test
We had made preliminary measurements using Reynolds Industries' Mica capacitors in phase 1These capacitors are sufficiently cost effective for use in a final modulator design. The results of 'Real life" testing of the capacitors at 30 Hz and 20 kV charge (50 kV rated capacitors were purchased) lead to 2 failures. We haven't performed any weibull analysis of this data because 2 failures out of 30 in use in less than 10e pulses will lead to complete failure in far fewer pulses than the NLC can tolerate. The cause of these results may have been RMS heating, but the since the RMS currents involved were similar to the NLC levels, the capacitors are judged to be unacceptable for future use. One of the most expensive NLC components is the transformer. The losses in the transformer generally increase dramatically with lamination thickness. The cost also increases with lamination thickness so that the cost of 3.2 mil material is about 5 times the cost of the traditional 1 mil material. We measured the permeability of this material so that we could calculate the the costibenefit relationship for the use of this material. The effective permeability is shown in the figure above for a case where the excitation is 2 microseconds. This pulse duration corresponds to the effective pulse duration for a 1.2 microsecond pulse with a 300 ns risetime and an 800 ns fall time. We have assumed a permeability of 650 and the use of pulsed reset as discussed in our previous report. We also make the assumption that pulsed reset is the same price as DC reset.
We assume, based on manufacturer's data that the 1 mil material has a permeability of 1300 with pulsed reset. Primary transformer inductance, added losses, and other factors are set forth in the chart below. The assumed output impedance is 900 ohms, and the transformer design presumes an allowable droop of 3% for the 3.2 mil material. In the above scenario, the 3.2 mil material is less expensive for 8?40interest and higher for an infinite life. The net cost saving of 3.2 mil material over 5,000 modulators is $8.5 Million. This trade-off is not trivial since the net life cycle cost of 3.2 mil and 1 mil material is actually the same.
,'
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IGBT Charging System Operation
As mentioned in the proposal, high power operation of the system will benefit from IGBT charging, and subscale experiments have been performed. The result of these experiments is shown in the figure below. 0.25 UF capacitance was charged to 18 kV in 300 usec. Possibly, a more desirable time period would be 500 usec (this would have been a 30 kV charge at the same peak power).
The circuit used for this is an adaptation of our system at Empire Hard Chrome. That system charges 50-100 J in 600 usec. For DOE NLC applications, the charge energy is approximately 400 J in 500 usec. The logical input voltage is the voltage of a 480 V line after 3 phase rectification, or 650 V. This is the logical voltage simply because it is the highest voltage at which affordable "off the shelf" power handling equipment (breakers, etc.) exists.
We evaluated the Empire Hard Chrome system in order to determine the long term 
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Figure 7
C%argingvoltage for an IGBT based single pulse charge system. effectiveness of this technique. After 2000 operating hours over two years, the system is still operating without problems. During the third 6 months of the program we evaluated the testbed concept initially proposed, and made several changes.
1)
In order to reduce Nth unit system cost, and ease availability, the PFN will be air insulated.
2)
A simple small Oil tank based will be used for the oil enclosure.
3) Variable Inductors will be used based on the movable short concept.
4)
Maxwell long life film capacitors (rather than the originally planned Reynolds' mica will be the components used in the test bed.
In Figure 8 we show the system assembly diagram. In the design, the PFN is in "Rack l". In rack 2, the transformer and load (or transformer and Klystron) are shown.
The re-evaluation of system concepts -particularly the failure of the Reynolds capacitors -has lead to a delay in the completion of the program. A no-cost extension will be requested for this reason.
System Architecture
In order to build a system with larger capacitor building blocks, it is necessary to reduce the unit inductance to very low levels. We show the simulations for this new device in the figure below. The circuit schematic is on the following page. Basically, two parallel PFNs will be built so that we can build inductors which are in the correct parameter range -about 200 nH. These inductors will be parallel lines with moving stubs. They will be tuned "hot" by using sliding short circuits connected to nylon shafts. This concept has been tested in bench top experiments. . ." Front, back and top views of the modulator module. The 26" X 30" footprint does not include the DC power supply but it does include all power components. Simulations of the system with low inductances and realistic strays. Circuit diagram of the modulator.
Results
The modulator worked as designed, and required only a few weeks to become fully operational after it's assembly. The unit shown produced a 500 kV pulses at >200 MW as shown in Figure 11 . This unit offers value superior to competitive technology due to the use of air insulated PFN technology and a high step-up ratio transformer. The PFNs and transformer are all housed in a 26' wide rack (shown in Figure 12 ) plus a small power supply rack.
Tm(ksxj Main modulator unit.
. . . . .
7.3
Economics of the Module Developed Basic front view of the modulator.
The PFN design above embodies the results of our research to date in this area. The main features are two PFNs with 2 thyratrons driving the transformer primary in parallel, and the use of air insulation. The view Ief&of the box is the capacitor side view shovdng the sliding variable inductor. The parts cost for a 10 ea. modulators designed as above is: An IGBT driven transformer system was tested to 80 kV output voltage into a 13 kQ load using a unique stripline arrangement driving four separate core segments with 3300 volt Toshiba IGBTs. The equivalent electrical diagram for this system is illustrated in Figure 14 . The scaling of the system to full (500 kV, 600 A) power would require a total of 4 * 13kohm/O.9 kohm = 64 devices. In fact, the primary current to achieve the 600A current at 200:1 is an aggregate of 120 kA. The device peak current rating is 2400 amperes leading to a requirement for 50 devices based on current.
North Star's goal for the test assembly was 500 kV, 100A, 2 psec pulse flat top, with a sub-microsecond pulse risetime. The feasibility of this technique have been encouraged by the results of a similar lGBT-transformer system already in use which employ 1400 volt devices operating at less than 1000 volts driving a high step-up turns ratio transformer to drive 7.5 MW input klystron amplifiers.l The successful application of this technique to produce HV pulses with sufficient fidelity would render the use of thyratron switches antiquated with the additional benefit of virtually unlimited life using solid-state components. The lifetime NLC applications maybe a critical. A press pack bridged clamping device was used to compress the IGBT and provide a transition to the output striplines that drive each of the transformer segments.
A series-parallel set (2 parallel strings of 3 capacitors in series) of Electronic Concept Unlytic capacitors each rated at 150 I.JF,1000 WVDC were used to store the drive energy for each of the four IGBTs. Approximately 450 J of energy are stored in each module and is available at the full charge voltage of 3 kV. The IGBT module was constructed in a manner to provide the lowest inductance extraction of power from the capacitors in a stripline configuration. Each of the four drive modules were charged in parallel with a current limiting power supply (Xantrex 600 V, 1.8A&ALE 802S 8 kJlsec HVPS).
IGBT Gate Drive
The unusually high gate capacitance of the IGBT of 220 nF required the design and assembly of a custom driver circuit to source the current i = (220 nF)(25 volts)/(0.5 psec) of 11 A necessary to achieve an acceptable turn on time. The driver uses a stacked transistor arrangement with -5 and +20 volt rails. The -5 bias assists in draining the charge from the gate capacitance while the +20 volts provides a high enough potential to firmly hold the IGBT 'on'. On set of IGBT conduction is expected at roughly 5.5 volts. The series stacked transistors were a matched pair of NPN and PNP types with their gates driven by the same signal thereby permitting autonomous switching to the +20 volt rail (on) and -5 volts (off). Design of the gate drive that was capable of sourcing >10 A to achieve <1 psec turn-on of the IGBT.
Simultaneous triggering was provided via HP fiber optic links from a master fanout generator. One additional feature was included in the IGBT gate drive design and permitted the use of an external fault sensor to inhibit the 'on' signal which would truncate the remainder of the user defined pulse. Bench tests conducted at low voltage confirmed that the inhibit signal was completely adjustable over the length of the pulse down to about 500 nsec.
IGBT Driven Transformer Construction
The transformer core consisted of 4 each 2-roil Silicon-Iron core segments acquired from NKK in Japan with a nominal 10 cm X 10 cm minor cross-section, and a nominal 40 cm winding height. The transformer core weighs approximately 100 kg.
A single primary turn was placed adjacent to the core material on each vertical leg using 3-roil thick copper foil. To reduce the leakage inductance the primary winding foil was 13.75-inches high (inside the 16-inch high core window). Transformer turns are counted as they pass through the core window. A minimum of one layer of 10-roil kapton was used to isolate the primary winding from the core material (300 V/roil insulation) and the overlaying primary turn. The kapton insulation provide a 1-inch margin between the copper foil and the ID of the core window. The primary connections were provided by cutting and folding 2-inch wide strips of the copper foil and bringing them out of the kapton wrap in a stripline configuration. Double adhesive mylar tape and polypropylene inserts were used to finish the "primary line isolation. Since each core segment primary was to see only 3 kV, the 10-roil kapton was sufficient for isolation during the pulse. After all primaries were assembled onto the core segments, the secondary coil form was place over the primaries and each segment banded and clamped. The secondary consisted of four quadrants of 50 turns of Rowe HV Silicon coated wire with AWG-I 8 stranded center conductor.
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Figure17. Secondarycoilwrappingmethodology. Notethat theoutputs(&grounds) of the 4quadrant windings areconnected inparallel. . . . . . . . . . . . . . 
9.0
Efficiency and Cost Improvements of the System
The system's efficiency can be improved by the use of pulsed reset. This leads to a net increase in efficiency of about 5 !!40. We found that the use of an additional switch to add energy to the end of the pulse failed to result in a net efficiency improvement. The added energy for the extra capacitance was about the same as the energy added to the pulse. We found (qualitatively) that the use of air instead of oil was helpful in the system from an eficiency standpoint. Specifically, a risetime of less than 400 ns was achieved before the tank was filled with oil, and a risetime of 450 ns was observed with the tank filled with oil. This is a net efficiency improvement of .05/1,5 = 3 '%0.
The net improvement in efficiency available through the work performed in this study was 8 '%0.
The net cost reduction afforded by the demonstration of lower primary voltage operation, and primary operation in air was (we believe) approximately 20-30 'Mo. We demonstrated, despite considerable skepticism in the community, the operation of a 30:1 step-up in the system.
The net efficiency measured in the low voltage input system was based on the stored input energy of .96 UF at 29 kV input, or 405 J. The net delivered power during the power pulse was 200 MW*I.6 usec = 320 J. The voltage was 500 kV, and the current was 400 A in this particular case. This corresponds to an efficiency of 0.79 for our pulse duration. The vast majority of the losses were in the rise and fall time. The value of those losses was 200 MW*I.2 usec/3 = 80 J.
